In this paper, the structure and hydration products of interfacial zone (ITZ) between fiber and matrix are analyzed by means of micromeasurements. Fiber failure adhesive type and Fiber-matrix bonding type of SHCC are furthermore studied based on its mechanism characteristics. The experimental results confirm both cohesive failure type and adhesive pullingout type in the SHCC tensile test. Results also indicate that due to fiber bridging function, SHCC exhibits smaller crack widths and delayed cracking at the same stress level than normal concrete. This is beneficial to activate the aggregate interlock on a crack, and reduction in shear modulus after cracking can be avoided. The EDS and SEM inspection and analysis discover that fly ash changes the hydration products and micro-structure of ITZ, which leads to a porous ITZ structure, and enabling fiber-matrix slippage accompanied. Furthermore, the weak chemical bond between fiber and matrix helps the occurring of multi-cracking. Consequently, the modification of matrix is an effective method to improve the mechanical properties of SHCC. And it improves the bridging function and mechanical properties of SHCC. Both micro-research and tensile test prove the unique ITZ type of PVA-SHCC.
INTRODUCTION
A new group of fiber reinforced cementitious composite (FRC), namely ECC/SHCC (Engineered Cementitious Composites/Strain hardening Cementitious Composites) has been developed in the past decade. It is a new class of especially HPFRCC. There are various HPFRCC such as SHCC and SIFCON that have been investigated. Works in the early 90's focused on fiber volumes (V f ) of 5% or more, or on the use of expensive, high modulus fiber, for instance high modulus polyethylene fibers, at eight times or more the cost of Poly Vinyl Alcohol (PVA) fibers and steel fiber. However, it was suggested that SHCC exhibits pseudo strain hardening with a strain capacity of more than 3%, in spite of the relatively low fiber content of 2% to 3% by volume, which is kept low for the sake of processibility. This means SHCC can easily employ typical mixing and casting techniques, and thereby reduce costs. SHCC materials are typically developed for applications in large material volume usage by the cost sensitive construction industry. It exhibits tough, in tension, despite containing low volumes of fibers. These performances were brought about by developments in interfacial zone (ITZ) between fiber and matrix and processing technology. Therefore, the importance of the interaction between these fibers and the matrix, governed by the fiber/matrix interface is to be recognized, leading to interface modification techniques to engineer the desired properties.
It exhibits tough, in tensile and bending performance, despite containing low volumes of fibers. These performances were brought about by developments in interfacial zone (ITZ) between fiber and matrix and processing technology. Therefore, the importance of the interaction between these fibers and the matrix, governed by the fiber/matrix interface is to be recognized, leading to interface modification techniques to engineer the desired properties.
EXPERIMENTAL DESIGN
Polyvinyl alcohol fiber is produced by Kuraray Co., Ltd. The physical properties of PVA fiber are listed in Table 1 . PI•52.5 cement from Shan Shui Co. Ltd. and fly ash are used in this research. Fly ash (FA) is the fine particle residue, resulting from the combustion of powdered coal, The FA used in this research is Class II, sourced from QingDao power station. It has the typical spherical shape, and the Chemical components of Fly ash is listed in table 2.
Nature sand is from Dagu river, its fineness modulus f  = 2.9. The experimental work focuses on PVA-SHCC, to study and identify ITZ influences on performance, a series of three point bending tests have been designed, as shown in figure 1. In which, various percentages of FA are used as cement replacement. The FA content of total binder mass ranges from 30% to 60%, shown in table 3. For processibility and economic purpose, PVA-SHCC contains a relatively low fiber bulk of 2.0% in present research. 
FIBER BRIDGING FUNCTION AND MULTIPLE CRACKING OF SHCC
The bending performance sharply drops at around 40%-50% FA content. The deflection suddenly has a significant increase when the FA content is more than 40%. We have compared the three results of 0% FA content, 50% FA content and 60% FA content, shown in figure 2. The matrix crack strength reduces with FA content increase from 0% to 60%. This agrees with the fact that FA content reduces composite strength. However, the ultimate load is reduced when FA content ranges from 30% to 50%, but remains approximately constant when FA content ranges from 50% to 60%.
There is a linear the relationship between the composite performance in terms of the ultimate tensile stress ( u ) and the micro-mechanical parameters g, the snubbing factor, and , the ultimate shearing resistance between fiber and matrix, has been modelled as follows (Soroushian & Lee, 1990) :
This means that the interfacial frictional bond is reduced with FA content decrease, until about 50%, and remains at a constant value when FA content ranges from 50% to 60%, while matrix strength keeps reducing. FA enhances the bridging function of PVA fiber by decreasing the bond strength of the interface between fiber and matrix.
To achieve the service performance of SHCC materials, the high ductility and strain hardening stages need to be achieved. The requirement to attain strain hardening is multiple-cracks and first cracking stressing criterion is necessary for multiple cracking. If the first cracking exceeds the maximum stress available from the fiber tensile stress of matrix. The first crack will be created with bridging fibers being pulled out or split and the stress will drop suddenly. The first crack can be recognized at the point where a significant gradient change occurs in the load-deflection response curve, the bending load reduces after this point, which probably indicates that fiber-matrix debonding occurs and leads to the load reduction. SHCC exhibits smaller crack widths and delayed cracking at the same stress level because of fiber bridging function. The fiber bridging function is the basic property of fiber-reinforced material; it is a parameter that governs SHCC strain hardening/softening behavior in flexure test. Fiber bridging function is also a composite property, which describe that the load has transmitted by fiber across a crack. When a crack occurs, load carried by the matrix in the crack zone is carried by bridging fiber and the matrix at the end of the crack becomes stress free, and composite stress is transmitted through matrix and fibers. The fiber bridging function and multiple cracking are beneficial to activate the aggregate interlock on a crack, and reduction in shear modulus after cracking can be avoided. To achieve the bridging function, ITZ property is essential to be researched.
ITZ HYDRATION PRODUCTS
The transition zone represents a weak zone between fiber and matrix bulk, due to the higher porosity of the microstructure caused by the rapidly developed CH crystal layer of cement hydration production. ITZ has a higher porosity because of the "bleeding and inefficient packing of cement particles" when it is fresh, resulting in a favored growth of CH crystals in the zone close to the fiber surface. The micro-mechanism studies associated with micro-scale analysis, such as EDS, and SEM contributed to the attempt to recognize the composite and interface microstructure and distinguish the hydration product, in the current research. SEM photos and correspond EDS of FA-SHCC in the surface of composite rupture are presented in figure 3 and table 4 and 5. The Ca, Al, and Si content of different positions in figure 3 designate that the transition zone mainly composes of cement-hydrated product and the FA fills in the matrix bulk structure. ITZ mainly consist of Ca(OH) 2 (shortly as CH) crystal and C-S-H gel. CH crystal content in ITZ is 20%-40% higher than in matrix by means of equivalent calculation based on the data listed in table 4 and 5. That also explains the high porosity and weaker
ITZ STRUCTURE AND FIBER FAILURE TYPE
The transition zone represents a weak zone between fiber and matrix bulk, due to the higher porosity of the microstructure caused by the rapidly developed CH crystal layer of cement hydration production. Certainly, the size of the transition zone can be diminished by tailoring the packing density and hydration product around the fiber. It is also expected that densification of the transition zone may improve the transition zone strength, resulting in higher interfacial bond.
The transition zone is normally recognized to be largely responsible for bonding properties and is the explanation of bond strength development. Unlike other polymer fibers with low surface energy, PVA fiber, which has strong surface chemical bonding properties, as shown in figure 4. High chemical bonding between PVA fiber and matrix leads to an aggressive debonding process, with the ITZ having to carry an increasing shear force between fiber surface frictional debonding and the force caused by chemical debonding of ITZ microstructure decomposition from matrix bulk. It is worthwhile to introduce two basic fiber/matrix interaction types used to describe fiber interfacial failure, which are adhesion and cohesion. Adhesion is a model describing fiber debonding by frictional sliding between fiber surface and transition zone. Cohesion is used to describe the failure type that happens in a transition zone, which means break down of the transition zone itself, which is partly driven out by fiber pull-out. Figure 5 (a) illustrates the fiber failure adhesive type. When a fiber bears a load beyond peak bridging stress (which is actually the Coulomb friction between fiber surface and transition), fiber will be pulled out and keep the equilibrium between tensile load and shear resistance by the transition zone. Certainly, interfacial adhesion (shear resistance) should be lower than the transition zone cohesion in this condition. In the cohesive type featured, as Figure 5 (b) shown, a fiber pulls out by slippage along the out perimeter of the transition zone.
PVA fiber has very strong chemical interface bond, it hereby tends to break instead of pull-out, resulting in an increase of critical fiber volume fraction. But, bonding with PVA fiber cannot be simply determined as adhesive type bonding because of strong chemical interface bonding. Nevertheless, if the adhesive strength is satisfactorily lower than the strength of transition zone, then the slippage will occur at the fiber/matrix contact surface rather than the breakdown of transition zone structures. For such a failure type, transition zone strength may not be effective during the fiber debonding process. Actually, micromeasurement results confirm both cohesive failure type and adhesive pullingout type in the SHCC tensile test. However, Depending on fiber types and matrix constituents, either the adhesive or the cohesive type, or even both of bonding failure will occur. This point can be observed usually in three conditions; the tensile stress reduces after this point, which probably indicates that fiber/matrix debonding occurs and leads to the load reduction. The second condition is a lower, but still positive gradient. For these cases, the tensile stress still increases after this point, due to the small crack occurrence, which reduces the specimen section equivalent area. The third, unusual situation is that the stress-strain response ascends nonlinearly, which means there is no significant gradient change point at the early stage. Both micro-research and tensile test proves the unique ITZ type of PVA-SHCC.
CONCLUSIONS
1. Micro-research and tensile test proves the unique ITZ type of PVA-SHCC. ITZ hydration products are mainly CH crystal, and its higher porosity microstructure is hereby caused by the rapidly developed CH crystal layer of cement hydration production.
2. There are 2 basic fiber/matrix interaction types used to describe fiber interfacial failure can be confirmed by mean of SEM observation and bending test, which are adhesion type and cohesion type. Both latently exist in SHCC materials, and either cohesion or adhesion happens, depending on fiber type, and matrix constituents.
3. PVA fiber has very strong chemical interface bond, it tends to break instead of pull-out, resulting in an adhesion fiber failure type. The modification of matrix is an effective method to improve the mechanical properties of SHCC.
